Lipid droplet turnover during Drosophila development
The fruit fly Drosophila melanogaster has become increasingly valued as a model organism in lipid metabolism studies (reviewed in [1] [2] [3] [4] . In this context the lipid droplets (LDs) of the fly have recently attracted significant research interest, which is echoed by current reviews on this topic (5-7).
Lipid droplets are present at all developmental stages of Drosophila. As in higher organisms triacylglycerols (TGs) represent the major storage lipids of LDs in the fly (8) . Drosophila development is characterized by alternating TG synthesis and mobilization phases, which cause for example a dramatic increase of body fat content during larval development followed by a threefold reduction during metamorphosis (9) . During oogenesis fruit fly mothers synthezise numerous LDs in the so-called nurse cells of the egg chambers. These LDs are eventually transferred to the oocyte to provide energy and membrane building blocks for the developing embryo. Under-storage of the maternally provided lipids or an impairment of lipid mobilization causes developmental arrest and death of the embryo (10, 11) . The small LDs of early embryos undergo a complex and tightly regulated migration pattern of currently unknown function (reviewed in 12). At this stage the LD surface serves as a transient storage compartment for histones, which become integrated in the nuclear DNA during the rapid first mitotic cycles during fly embryogenesis (13) . OIeic acid-fed cell lines derived from Drosophila embryos have been successfully employed in genome-wide RNAi-based screens for LD phenotypes (14, 15) . After embryogenesis the three larval stages are mainly dedicated to feeding and accumulation of body mass. During larval development Drosophila accumulates Notably, LDs are also present in larval imaginal disc cells, which give rise to adult body structures such as eyes, legs and wings after metamorphosis. During pupal development the body plan of the fly is fundamentally restructured, and this is accompanied by the breakdown and histolysis of many tissues. As a result of the proliferation and differentiation of imaginal cells, adult counterparts subsequently replace the larval tissues. In the course of metamorphosis, the larval fat body disintegrates and the cells are cleared from the adult organism during the first few days of imaginal life (16) . From this time onwards the vast majority of LDs are stored in the adult fat body and are subject to TG accumulation and mobilization in response to the discontinuous feeding behavior of the imaginal fly. However, similar to the larval stages, some other organs of the adult fruit fly such as the midgut also harbour LDs.
Given the omnipresence of LDs during the Drosophila life cycle and their evolutionarily conserved function as energy storage compartments, it is surprising that the basic enzymatic machinery, which controls the turnover of LD-based TGs, has only recently attracted research interest. This review aims to give an overview of both the experimentally supported and by guest, on August 15, 2017 www.jlr.org Downloaded from inferred TG biosynthesis and mobilization pathways associated with LD accumulation and depletion in the fruit fly.
Triacylglycerol biosynthesis
The main route of storage fat formation follows the glycerol phosphate pathway or Kennedy pathway of TG synthesis (Fig. 1) . In a chain of four enzymatic steps TG is synthesized from glycerol-3-phosphate (G-3-P) via lysophosphatidic acid (LPA), phosphatidic acid (PA) and diacylglycerol (DG) as reaction intermediates. Three out of these four reactions are catalyzed by acyl transferases using fatty acid Coenzyme A (FA-CoA) as donor groups.
The initial and first committed step in TG synthesis is the acylation of G-3-P to LPA catalyzed by glycerol-3-phosphate acyltransferases (GPATs; reviewed in 17, 18) . The Drosophila genome encodes CG5508, the single homolog of mammalian mitochondrial (m)GPATs, GPAT1 and GPAT2. CG5508 is highly expressed throughout Drosophila development (19) . In the adult fly the CG5508 gene expression is particularly enriched in the central organs of lipid metabolism such as the fat body, parts of the gut and the heart (20) . The gene is transcriptionally up-regulated in fly heads in response to starvation (21) and down-regulated upon bacterial infection, which causes metabolic wasting of energy stores in flies (22) .
Overexpression of CG5508 causes ectopic LD accumulation in larval salivary glands (23) , which is consistent with a central and possibly rate-limiting role of CG5508 in fly TG synthesis. However, there is currently neither phenotypic information on CG5508 mutant flies nor are there published biochemical data, which characterize the encoded putative fly mGPAT.
In addition to CG5508, Drosophila encodes two functionally uncharacterized genes, which are sequence-related to the mammalian endoplasmic reticulum-localized GPAT3 and GPAT4.
While CG3209 is ubiquitously expressed, the CG15450 gene is testis-specific (20) . Taken together, the biological functions of the three putative fly GPATs are largely unexplored. In particular, the contribution of these enzymes to the total GPAT activity in Drosophila deserves future research attention. In line with a concurrent functional diversification, the three DAGAT genes have only partially overlapping expression profiles (19, 20) . The CG1941 expression peaks at late embryonic and early larval developmental stages and is largely restricted to the gut. In contrast, CG1942
has pronounced expression during mid-embryogenesis and pupal stages. Adult flies express by guest, on August 15, 2017 www.jlr.org Downloaded from moderate levels of this DAGAT family gene in the gut and fat body. Finally, CG1946 is characterized by several activity peaks during fly development, including specific expression in the adult midgut. Importantly, none of the Drosophila DAGAT family members has been functionally characterized by biochemical or mutant analysis. Therefore it is equally possible that one or more of these proteins has no DGAT but rather MGAT activity and accordingly catalyzes the first step of the monoacylglycerol pathway of TG synthesis (Fig. 1 ).
Crosstalk between triacylglycerol and phospholipid biosynthesis pathways
With PA and DG, two intermediates of the glycerol phosphate pathway of TG synthesis function as a nodal points of glycerolipid and phospholipid (PL) synthesis (Fig. 1 ). In particular, DG is a substrate for the CDP-ethanolamine phosphotransferase, encoded by the Drosophila bb in a boxcar (bbc) gene, in the PE synthesis pathway starting from ethanolamine. Global down-regulation of all three enzymatic steps of this pathway, i.e. the ethanolamine kinase encoded by the fly easter gene, the phosphoethanolamine cytidylyltransferase (Pect) and Bbc increases fly body fat storage (37) . Importantly, also organ-specific down-regulation of PE synthesis causes lipid accumulation in the adult Drosophila heart, which leads to cardiac deficits (37) . Lipid accumulation induced by dysfunction of PE homeostasis is driven by increased lipogenesis in the fly, which is mediated by activation of the sterol regulatory element binding protein HLH106 (or DmSREBP) (37) . In general, studies on the pathophysiological consequences of lipid accumulation in the heart represent the currently most advanced Drosophila lipotoxicity model (reviewed in 38). Another example is the cardiac TG accumulation caused by high dietary fat, which leads to severe structural and functional changes in the fly heart such as decrease in contractility, conduction block and myofibrillar disorganization (39). Notably, tissue-specific knockdown of CTP:phosphocholine cytidylyltransferase, the functional homolog of Pect in the PC synthesis, causes giant LD formation in larval fat body and increased body TG content (40) .
Collectively, these data demonstrate the importance of proper DG channelling between the TG and PL synthetic pathways to control the body fat storage in flies.
Phosphatidic acid is, next to DG, the second critical intermediate shared by the TG and PL synthesis pathways (Fig.1) . supported by the finding that glycerolipid homeostasis in both flies and mammals is responsive to changes in phospholipid biosynthesis.
Triacylglycerol mobilization
The neutral lipid energy reserves, which are stored in LDs, become metabolically accessible Finally, there is no doubt that future research will reveal distinctive features of fly lipid metabolism not shared by analogous processes in vertebrates. These differences will identify novel insecticide targets, which can be exploited to combat insect vector-borne diseases such as Malaria and Dengue fever. 
